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The Equilibrium between Trypsin and the Inhibiting Substance.
The experiments already described I show that it is possible to prepare a solution by the action of trypsin on a protein which inhibits the action of trypsin. It has also been shown that the amount of this retardation can be quantitatively measured by comparing the times necessary to cause a given small change in the conductivity of the gelatin solution under the conditions adhered to.
A number of hypotheses may be proposed that will account qualitatively for this retardation. The simplest would be to assume that the inhibiting substance combined with trypsin to form a compound that is inactive and that the activity of the solution is proportional t o the concentration of free trypsin remaining in the solution. It has already been shown that if pure trypsin and protein is used the velocity of hydrolysis is proportional to the amount of trypsin taken. This is the experimental fact and is independent of any hypothesis as to the kinetics of the reaction. If it is further assumed that the equilibrium is governed by the law of mass action it is possible to test this hypothesis quantitatively. This has been done in the following experiments.
and then adding the trypsin and determining the rate of hydrolysis at once, it is necessary to know whether or not the order of mixing the solutions or the time during which the trypsin has been allowed to react with the inhibiting substance has any influence on the result. Table I is a summary of experiments planned to answer this question. It shows that the order of mixing and the time during which the trypsin and inhibiting solution are left together has no effect on the final result. That is, the equilibrium between the trypsin and the inhibitor must be reached practically instantaneously and be quantitatively and instantly reversible. (This is only true if the experiment is made under such conditions that the control trypsin solution u without inhibitor--remains unchanged during the course of the experiment. If this condition is not fulfilled, the results depend entirely on the length of time and on the temperature at which the trypsininhibitor solution has been allowed to stand.) ~
Influence of the Gelatin Concentration.
The retardation could be qualitatively accounted for by assuming that the inhibiting substance combines with the gelatin instead of with the enzyme. If this were true the retardation should be less the greater the concentration of gelatin, provided the relative amount of inhibitor to trypsin were kept the same. Table II shows that this is not the case. The amount of retardation is independent of the concentration of gelatin used. The result is confirmed by the experiment discussed below in which the concentration of inhibitor is kept the same and the concentration of trypsin varied. If the inhibitor combined with the gelatin, the resulting solution would act as though 
Influence of Gelatin Concentration on Retardation of Hydrolysis by InMbi~ing
Solutions. Control, 25 cc. gelatin of concentration noted + 1 cc. trypsin + 1 cc. 0.01 N NaC1. Solution, 25 cc. gelatin of concentration noted + 1 cc. trypsin + 1 cc. inhibiting solution. Temperature 33°C. Specific conductivity of all solutions 1.2 X 10 -a (adjusted with NaC1, and pit of 6.0 adjusted with NaOH). a lower concentration of gelatin had been used and the velocity would still be directly proportional to the amount of trypsin added to the solution. This is not the case. The fact that the inhibiting solution renders trypsin more stable (when no protein is present) also shows that it combines with the trypsin.
Influence of Inactivated Trypsin.
It was found in the case of pepsin 3 that pepsin inactivated by alkali took part in the equilibrium just as does the active pepsin
(pepsin inactivated by heat does not act in this way). If it should be found that inactive trypsin also took part in the equilibrium it is evident that the experiments are complicated by an additional factor that is very hard to control since there is no independent method for determining the amount of inactive trypsin. In order to determine this point the experiments described in Table III were performed. They show that the inactive trypsin does not take part in the equilibrium. The calculated results are obtained from the law of mass action as described below. 
Addition of Inactive Trypsin.
2 per cent gelatin pH 6.2, specific conductivity 2 X 10 -~. Trypsin, 10 per cent, dialyzed, time to change 10 points = 0.10 hours = 10 units per cc. Inactivated at 65°C. for 2 hours. Active trypsin, 10 per cent, dialyzed, diluted one-third. _P = 10. K' = 2.8. The results of a series of experiments to determine the effect of adding increasing concentrations of inhibitor to the same amount of trypsin are given in Table IV and Fig. I . The experiments were carried out by adding the noted amount of inhibiting solution to 25 cc. of gelatin at 33°C. All the solutions had the same pH, which re- mained constant at 6.3, and the same initial conductivity. 1 cc. of trypsin solution, also of the same pH and conductivity, was then added in each tube and the time required to cause a change of 10 points in the bridge reading determined as already described. The experiments show that the addition of the first cubic centimeter of inhibiting solution has a much greater effect than the subsequent ones and that the effect constantly diminishes and becomes apparently asymptotic. This is evidently the cause of the phenomenon noted earlier that the rate of hydrolysis of a solution already containing some inhibiting substance is less rapidly retarded during the progress of the reaction than one which contains only "pure" trypsin. This is in qualitative agreement with the result predicted by the law of mass action. In order to apply this law quantitativelywemayproceed as follows. It has been assumed that the equilibrium was expressed by the eqhation trypsin + inhibitor ~ trypsin-inhibitor and that the rate of hydrolysis was proportional to the concentration of the free trypsin. The law of mass action applied to this equilibrium states that Concentration of free trypsin X Concentration of free inhibitor =ffi a constant Concentration of trypsin-inhibitor or which may be written
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in which Q is the amount of free trypsin in volume, V, of the solution; E, the total amount of trypsin in volume, V, of the solution; d, the total amount of inhibitor in volume, V, of the solution; K, the equilibrium constant in arbitrary units; and K', new constant equal to the product of the equilibrium into the volume, d will evidently be proportional to the number of cc. of inhibiting solution added and if there are P units of inhibitor per cc. of inhibiting solution, d = P cc.
Solving this equation for Q we find that
and since it is assumed that the velocity of the reaction is proportional to Q dx A X I T1 Q~
All the values in the above equations are known (in arbitrary units) except d and K. If more than one experiment is made it is therefore possible to solve for these two values, and then compare the calculated and observed values for Q. When this is done it is found that below a certain value for d, K is negative while above a certain limit the K value of ~ becomes constant owing to the fact that one of the terms of the equation becomes negligible when d is too large. It is also found that the constancy of K is very sensitive to experimental error (as was to be expected since it depends on the difference between two experimental values), so that a comparison of the observed and calculated values of Q is a better test of the formula than the constancy of K. Between the two limits for the values of d there are several values all of which give values of K which permit the calculation of the experimental results. The smallest of these has been taken. This gives a value for K of 0.1 and for P (in the particular inhibiting solution studied) of 10, both expressed in the same arbitrary units (cf. Euler and Svanberg 4 for a discussion of the same equilibrium with invertase, and Northrop z in the case of pepsin). It will be noted that the expression for the equilibrium as used in this form contains two arbitrary constants; i.e., it is necessary to make two determinations before the others can be calculated. The agreement between the calculated and observed values is close enough to leave little doubt that the formula correctly expresses the facts, but the presence of two constants renders it possible that the agreement is accidental. If this were the case we should expect to find that it was necessary to use different values for K and d in each set of experiments. This is, however, not the case. All the experiments were found to agree *von Euler, H., and Svanberg, O., Fermentforschung, 1920, iii, 330; 1921, iv, 142. with a value for K of 0.1 as found above, and all done with the same inhibiting solution to agree with the same value of P (or d) as well. Several experiments were made which gave apparently regular results for which, however, it was impossible to find any satisfactory value for K and d. In every case of this kind it was found that the inhibiting solution used contained either active trypsin or some substance which could still be acted on by trypsin. In applying the formula, it is assumed, of course, that the only trypsin present is that in the trypsin solution added and that the substrate concentration is the same in all tubes. These experiments seem to show that the formula is not of such a general characteras to fit any regular curve. As would be expected, different inhibiting solutions required different values of P. The results shown in the figure were all calculated from the same values of K r which were obtained from the first part of the experiment in Curve A. All the other results were calculated before the experiment was done, as were those described later in which the conditions were varied in other respects. The figure shows that the calculated and experimental results are identical.
Column 6 in Table IV contains the values for Q d; i.e., the product of the free trypsin into the total amount of inhibitor. It will be seen that this value increases at first but becomes constant as d becomes large with respect to Q. Q therefore becomes inversely proportional to d. This may also be predicted from the mass action expression, and, as Arrhenins 5 pointed out, is the condition that leads to Schfitz's rule. The steps in the derivation are as follows: Equation (1) may be written
as d increases the term (E -Q) increases and approaches the constant value E so that K (E -Q) approaches a constant value. If d is large compared to E the term (E -Q) may be neglected in the denominator and the equation written
or Q, the amount of active trypsin is inversely proportional to the amount of inhibitor, which is the experimental result referred to Arrhenius, S., Medd. Kong. Vetsakad. Nobdinst., 1908, i. above (therefore Qd becomes constant). Since the velocity of hydrolysis is proportional to Q and to the concentration of substrate the dx differential expression for the course of hydrolysis would be
where A is the amount of substrate. Substituting -~-for Q we have
Since d, the inhibiting substance, is the same as x, the products of hydrolysis, we may substitute x for d. A may be considered a constant for the first few per cents of the hydrolysis. In any case, although A is decreasing, the term (E -Q) (which has also been considered a constant in the numerator) is increasing so that the product of the two will be more nearly constant than either of the two quantities themselves. It is this product that really enters into the equation. Substituting x for d in equation (2) and integrating we obtain
f=d==fK"Aator~=~=K~ror==K,d-2
That is, x, the products formed, is proportional to the square root of the elapsed time. This derivation makes it clear that Schiitz's rule will only hold when the concentration of the products formed is large with respect to the amount of enzyme. The author has shown that the same experiments may be performed with pepsin. 3 In the case of these two enzymes, at least, therefore, there is direct experimental evidence for Arrhenius' explanation.
Effect of Constant Quantity of Inhibitor on Increasing Amounts of Trypsin.
In all the foregoing experiments the concentration of trypsin has been the same in any one series of experiments and the concentration of inhibitor varied. If the mechanism proposed is correct it should be possible to predict equally well the result of an experiment in which the concentration of inhibitor was kept constant and the amount of trypsin varied. That this is the case is shown in Fig. 2 . The calculated results for this experiment were obtained by using the
. t4..L .'~;- values for the constants obtained from the preceding experiments and were worked out before the experiment itself was done. The figure shows that in this case also the experimental and calculated results agree within the limit of experimental error. In Fig. 3 the percentage inactivation of the various amounts of trypsin by the five units of inhibitor have been plotted. As would be expected the smaller the amount of trypsin the greater the percentage inactivation although the absolute amount of trypsin inactivated is less.
It has been shown above that the law of mass action predicts quantitatively the results of the experiments when either the trypsin or the inhibitor concentration is varied. It is possible to vary conditions in anothek way by keeping the relative amount of trypsin and inhibitor the same and varying the dilution (i.e., the value of v). The calculated and observed results of such an experiment are given in Fig. 4 (Curve B). The experiment was performed by mixing the trypsin and inhibitor solution and then adding the noted cubic centimeters of this mixture to 25 cc. of gelatin. It will be seen that in this case also the predicted results are in close agreement with the experiment. In this case the rate of hydrolysis decreases more slowly than the total amount of trypsin taken. This is the result of the fact that as the dilution is increased the trypsin inhibitor compound 'dissociates and so liberates more active trypsin, so that the concentration of active trypsin does not decrease directly as the total trypsin. Exactly the same curve would be obtained for the rate of hyttrolysis by hydrogen ions furnished by a weak acid if the total concentration of acid were plotted against the rate of hydrolysis. In Curve C in Fig. 4 the result of an experiment is given in which the concentration of trypsin is varied but the concentration of inhibitor is kept constant. This is a similar experiment to that described in Fig. 2 . In this case the rate of hydrolysis decreases more rapidly than the concentration of the trypsin. This is the result of the fact shown in Fig. 3 that the percentage retardation of the action of trypsin with a constant concentration of inhibitor is the greater, the smaller the total amount of trypsin. Curve A in Fig. 4 is the dilutionactivity curve for "pure" trypsin and gelatin. In this case the velocity is nearly directly proportional to the amount of trypsin taken. It is clear from these curves that unless care is taken to purify the 
Effect of the Hydrogen Ion Concentration.
In all the foregoing experiments the hydrogen ion concentration was kept constant at a pH of 6.3. It seemed of interest to determine what effect a variation in this factor would have on the retarding action of the inhibiting solution. This experiment is difficult to perform since the conductivity method cannot be used and the pH can only be kept constant at ranges other than pH 6.3 by the use of high concentration of buffers which interfere with the formol titration. The results of such an experiment are given in Table V . The pH of the solutions was adjusted by making them all ~/10 with respect to sodium carbonate and then titrating back to the desired pH with 0.1 N HC1. The course of the hydrolysis was followed by a slight modification of the formol titration already described, s No marked effect of the pH could be noted. Several other experiments were No differences in the degree of retardation due to the pH were noted that could be definitely put outside the experimental error. This result was corroborated by the effect of the inhibiting solution on the rate of destruction of trypsin. 2 Here also no differences in the effect between pH 6 and 10 could be noted• This result seems to show that the "active" concentration of the trypsin and of the inhibiting substance is not markedly effected by the pH (between 6 and 10). 
